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In January 2008 Norske Skog, Boyer (NSB) , Tasmania, commissioned an activated sludge (AS) 
wastewater treatment plant to lower the chemical oxygen demand (COD) and suspended solids (SS) 
in the treated effluent discharged from the mill.  In October 2009 the company also changed the 
feed stock of the mill from a mixed Pinus radiata and Eucalypt to solely P. radiata, altering the 
pulping process. The cold caustic soda (CCS) plant was decommissioned and replaced with an 
additional thermo-mechanical pulping (TMP) plant. Trace metals in the mill wastewater samples 
were analysed before and after this transition to detect any differences due to the changed 
feedstock and operating conditions, and to determine if metal levels were sufficient for optimum 
operation of the AS wastewater treatment plant. These analyses indicated deficiencies of cobalt, 
copper, iron and molybdenum required for optimal theoretical biological growth.  
In this thesis the effects of micro-nutrient additions on a number of important parameters were 
considered by employing porous pots with a capacity of 4.5 L to mimic the operation of the Boyer AS 
plant. The selected parameters included COD removal, SS level and residual humic fractions. Also 
determined were the concentrations and potential effects of the trace metals in the effluent and 
sludge on the abundance of protozoa and filamentous bacteria. This detailed research on the 
outcomes of additions of trace metals and water-soluble vitamins to wastewater treatment plants 
had not previously been reported. 
Addition of trace metals including calcium, cobalt, copper, iron and magnesium, to wastewater 
treatment plants were found to significantly increase COD removal by 4 to 5%. At NSB the 
incorporation of magnesium oxide to the wastewater treatment process significantly increased the 
COD removal by 6%, this result indicated that the porous pot results were transferable to an 
industrial plant. The addition of the water-soluble B group vitamins did not have such a significant 
effect on the COD removal as the trace metals, with the addition of 1.0 mg/L niacin having a 
detrimental effect on the AS.  
The dissolved residual humic substances in the effluent were fractionated to determine the 
characteristics of the recalcitrant compounds contributing to the COD. They were separated into 
three distinct acid fractions (hydrophobic (HPhoA), transphilic (TPhiA) and hydrophilic (HPhiA)) 
through the use of two non-ionic resins, DAX 8 and XAD 4. The term oxygen demanding matter 
(ODM) was proposed to describe the residual mass of COD in each of the separate humic fractions. 
The total ODM (mg) in the influent samples comprised of 20 – 30%, 15% and 25 – 35% of the HPhoA, 
TPhiA and HPhiA fractions, respectively, comparable to previous research. The HPhoA fraction was 
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the most significant single contributor to the residual ODM in the Boyer effluent. This fraction is 
most likely composed of hydrophobic lignin derived compounds. Minimal residual COD was detected 
in the TPhiA and HPhiA fractions separated from the porous pot effluent.  
Due to the potential effects of the trace metal additions on the environment through discharge to 
the Derwent River it was necessary to determine the ultimate fate of the metal additions. It was 
found that only the addition of 1.0 mg/L copper potentially exceeded the Australian and New 
Zealand guidelines for discharge to fresh and marine water. In terms of metals in sludge, the main 
metals of interest were copper and cobalt and both of these were found to be well below the 
guidelines for sludge application with the additions investigated. 
A complete mass balance of the added metals calcium, cobalt, copper, iron and magnesium found 
that the highest metal recovery was for the addition of copper and cobalt individually (98 – 147%). 
The recovery of copper decreased to 62 – 108% when calcium, iron or magnesium was added 
simultaneously. The majority of each metal added to the porous pots was found in the effluent, 
where divalent cations form cation bridges with biopolymers, giving a possible mechanism for the 
increased COD removal. Simultaneous metal additions were also found to inhibit the uptake of 
copper in the sludge.  
The addition of 1.0 mg/L copper, 0.5 mg/L zinc, 0.1 mg/L cobalt or 0.05 mg/L molybdenum to the 
porous pots did not significantly change the abundance of ciliates and rotifers compared to the 
control pots. The addition of 0.1 to 1.0 mg/L copper was found to affect the abundance of 
filamentous bacteria but it did not have a detrimental effect on the COD removal or the SS 
concentration in the effluent. The inhibition of filamentous bacteria through the addition of copper 








The Author would like to acknowledge by way of thanks: Dr Trevor Lewis, Senior Lecturer, School of 
Chemistry, University of Tasmania, for his exceptional patience and faith in supervising this project; 
Dr Des Richardson Norske Skog Boyer for sharing his unbiased opinion, his vast analytical knowledge 
and suggested corrections; Dr Karen Stack University of Tasmania for all the advice, corrections and 
leg work in Hobart. 
Also thanks to Dr James Horne from the Central Science Laboratory and Associate Professor Don 
McWilliam for their assistance with the NMR analysis and interpretation and Professor Pavel 
Nesterenko for the analysis and advice concerning the SEC. 
The Norske Skog, Boyer staff who have helped immeasurably throughout this project, especially Mr 
Stewart Rice for assisting with the identification of filamentous bacteria. 
Cheon Rae (Charlie) Jeong and Kane Hannan for all their help in the lab while analyzing metals and 
babysitting porous pots. To Cathy Tyson at the School of Chemistry laboratory in Launceston, whose 
storage space was filled with full and/or empty containers of effluent and whose patience seemed to 
know no bounds. 
A special acknowledgement goes to my wife Sarannah, who has put up with having no money and a 









1. Including results and discussion from Chapters 2, 3 & 4. 
Barnett, J. Richardson, D. Stack, K. and Lewis, T. Addition of trace metals and vitamins for the 
optimization of pulp and paper mill activated sludge wastewater treatment plant, APPITA 
























Optimisation of the Norske Skog activated sludge wastewater treatment plant at 
Boyer: The role of trace metals and vitamins ................................................................ i 
Declaration .................................................................................................................. ii 
Abstract ...................................................................................................................... iii 
Acknowledgements ...................................................................................................... i 
Publications .................................................................................................................. i 
List of Figures ............................................................................................................... v 
List of Tables ............................................................................................................. viii 
Glossary ....................................................................................................................... x 
Chapter 1 Introduction ............................................................................................. 1 
1.1 Activated Sludge Wastewater Treatment Plants ....................................................... 1 
1.1.1 Norske Skog Boyer Activated Sludge Treatment Plant ......................................................... 1 
1.1.2 Humic Substances ................................................................................................................. 2 
1.1.3 Humic Substances in Pulp and Paper Effluent ...................................................................... 2 
1.1.4 Separation and Isolation of Humic Fractions ........................................................................ 4 
1.1.5 Adsorption of Humic Substances in Activated Sludge .......................................................... 5 
1.2 Microorganisms in Activated Sludge ......................................................................... 5 
1.2.1 Role of Microorganisms in Wastewater Treatment ............................................................. 6 
1.2.2 Filamentous bacteria, Bulking and Foaming ......................................................................... 7 
1.2.3 Protozoa and Metazoa .......................................................................................................... 8 
1.3 Vitamins and Trace Metals ....................................................................................... 9 
1.3.1 The Role of Vitamins and their Biological Requirements in Activated Sludge ...................... 9 
1.3.2 The Role of Trace Metals and their Biological Requirements in Activated Sludge ............. 11 
1.3.3 Metals and Humic Substances ............................................................................................ 13 
1.3.4 The Effects of Mixed Vitamin and Trace Metal Addition .................................................... 14 
1.4 Aims ...................................................................................................................... 15 
Chapter 2 Determination of Metals in Boyer Wastewater and Preliminary SETP 
Data Analysis. ......................................................................................... 16 
2.1 Introduction .......................................................................................................... 16 
2.2 Materials and Methods .......................................................................................... 20 
2.2.1 Materials ............................................................................................................................. 20 
ii | P a g e  
 
2.2.3 Methods .............................................................................................................................. 20 
2.3 Results and Discussion ........................................................................................... 21 
2.3.1 Mean COD and SS Removal in Boyer SETP.......................................................................... 21 
2.3.2 COD and SS Correlations with Boyer Operating Conditions ............................................... 25 
2.3.3 Preliminary Boyer Metals Analysis ...................................................................................... 26 
2.3.4 Boyer SETP Trace Metals ..................................................................................................... 28 
2.3.5 Boyer Trace Metal Correlations with COD Removal ........................................................... 33 
2.3.6 Boyer Trace Metal Correlations with SS Removal .............................................................. 35 
2.4 Conclusions ........................................................................................................... 36 
Chapter 3 Trace metal addition to porous pots ....................................................... 38 
3.1  Introduction .......................................................................................................... 38 
3.1.1 Addition of Trace Metals to Activated Sludge .................................................................... 38 
3.1.2 Porous Pots ......................................................................................................................... 38 
3.2 Materials and Methods .......................................................................................... 39 
3.2.1 Materials ............................................................................................................................. 39 
3.2.3 Porous Pot Methods ........................................................................................................... 41 
3.2.2 Analytical Methods ............................................................................................................. 43 
3.3 Results and Discussion ........................................................................................... 46 
3.3.1 Preliminary Porous Pot Run ................................................................................................ 46 
3.3.2 Bulk Influent Samples.......................................................................................................... 46 
3.3.3 Initial Trace Metal Porous Pot Runs (Runs 1 and 2) ............................................................ 47 
3.3.4 Duplicate Trace Metal Porous Pot Runs (Run5) .................................................................. 54 
3.3.5 Additions of Various Concentrations of Copper and Cobalt (Run 7) .................................. 65 
3.3.6 Multiple Metals Addition (Run 8)........................................................................................ 68 
3.4  Conclusions ........................................................................................................... 72 
Chapter 4 Water Soluble Vitamin Additions ............................................................ 74 
4.1  Introduction .......................................................................................................... 74 
4.1.1 Adding Vitamins to Activated Sludge .................................................................................. 74 
4.2 Materials and Methods .......................................................................................... 75 
4.3 Results and Discussion ........................................................................................... 75 
4.3.1 Initial Vitamin Addition (Run 3 and Run 4) ......................................................................... 75 
4.3.2 Duplicate Vitamins (Run 6) ................................................................................................. 81 
4.4  Conclusions ........................................................................................................... 87 
iii | P a g e  
 
Chapter 5 Fate of Metals in Effluent and Sludge from Porous Pot Experiments ....... 89 
5.1 Introduction .......................................................................................................... 89 
5.2 Materials and Methods .......................................................................................... 92 
5.2.1 Materials ............................................................................................................................. 92 
5.2.2 Methods .............................................................................................................................. 92 
5.2.3 Calculating Metal Addition Potential Effects on Derwent River ......................................... 94 
5.2.4 Mass Balance....................................................................................................................... 95 
5.2.5 Calculating  the Mass of Metals in dried sludge (mg/kg) .................................................... 96 
5.3 Results and Discussion ........................................................................................... 96 
5.3.1 Run 5: Duplicate Metal Run and Initial Metal Runs ............................................................ 96 
5.3.2 Run 7: Varied Metal Concentrations ................................................................................. 100 
5.3.3 Run 8: Multiple Metals Additions ..................................................................................... 105 
5.3.4 Mass Balance..................................................................................................................... 110 
5.4 Conclusions ......................................................................................................... 112 
Chapter 6 Residual Humic Substances Affecting Effluent Quality ........................... 114 
6.1 Introduction ........................................................................................................ 114 
6.1.1 Pulp and Paper Mill Effluent Characteristics ..................................................................... 114 
6.1.2 Fractionation of Humic Substances .................................................................................. 114 
6.2 Materials and Methods ........................................................................................ 115 
6.2.1 Reagents ............................................................................................................................ 115 
6.2.2 Equipment ......................................................................................................................... 116 
6.2.3 Resin Preparation and Regeneration ................................................................................ 116 
6.2.4 Humic Fractionation Method ............................................................................................ 117 
6.2.5 Humic Fraction Sample Analysis ....................................................................................... 119 
6.3 Results and Discussion ......................................................................................... 122 
6.3.1 Oxygen Demanding Matter ............................................................................................... 122 
6.3.2 Molecular Weight Distribution and NMR Spectroscopic Studies of the Influent Humic 
Substances ........................................................................................................................ 125 
6.3.3 Molecular Weight Distribution and NMR Spectroscopic Studies of the Un-fractionated 
Effluent Humic Substances ............................................................................................... 129 
6.3.4  Molecular Weight Distribution and NMR Spectroscopic Studies of the Hydrophobic 
Acid Fraction ..................................................................................................................... 132 
6.3.5  Molecular Weight Distribution and NMR Spectroscopic Studies of the Hydrophilic Acid 
Fraction ............................................................................................................................. 138 
iv | P a g e  
 
6.3.6 Molecular Weight Distribution and NMR Spectroscopic Studies of the Transphilic Acid 
Fraction ............................................................................................................................. 142 
6.4 Conclusion ........................................................................................................... 145 
Chapter 7 Effects of Trace Metal and Water-Soluble Vitamin Addition on 
Activated Sludge Biomass ..................................................................... 147 
7.1 Introduction ........................................................................................................ 147 
7.2 Materials and Methods ........................................................................................ 148 
7.2.1 Materials ........................................................................................................................... 148 
7.2.2 Methods ............................................................................................................................ 149 
7.3 Results and Discussion ......................................................................................... 150 
7.3.1 Effects on protozoa and metazoa ..................................................................................... 150 
7.3.2 Temperature Effects ......................................................................................................... 156 
7.3.3 Effects of Metal and Vitamin Addition on Operating Conditions ..................................... 157 
7.3.4 Metals effect on filamentous bacteria .............................................................................. 163 
7.4 Conclusions ......................................................................................................... 165 
Chapter 8 Conclusions .......................................................................................... 167 
References ............................................................................................................... 171 
Appendix ................................................................................................................. 183 
Appendix A Graphite Furnace Temperature Ramps ................................................... 183 
Appendix B  Boyer Data Analysis and Boyer Metal Data ............................................ 184 
Appendix C  Summary Table of Boyer Metals ............................................................ 185 
 
